Monitoring flood defence condition is a critical part of the effective management of flood defence infrastructure. In this study, the use of remotely sensed data to identify indicators of weakness, deterioration, and damage is explored. Such indicators are often tell-tale signs of processes that can lead to flood defence failure and breaching. Sources of data and the techniques to analyse those data are discussed and a framework is developed that links data sources to indicators of flood defence performance. A range of examples are presented that highlight both the value and limitations of bringing together multiple sources of data such as Light Detection and Ranging and historical mapping to supplement visual inspection assessments. The paper concludes that nationally available sources of remotely sensed data can be used to supplement existing visual condition inspection procedures to help prioritise and programme maintenance and repair work.
Introduction
In England, there are over £35 billion of flood risk management assets protecting people, property, infrastructure, and agriculture from flooding. The Environment Agency owns and maintains a significant proportion of these assets with an approximate value of £20 billion and has a strategic oversight for the remaining £15 billion (Environment Agency, 2015) . In terms of length, the Environment Agency manages over 8000 km of flood defences; the majority of these defences are earthen structures (embankments).
Following the flood events experienced by much of northern England during the winter of 2015/2016, the Environment Agency assessed the condition of over 20 000 of its flood defence assets. Only nine assets were identified to have failed structurally, five of these failures had led to breach and flooding. The flooding from these breaches did not impact any properties that had not already been affected by the overflow of adjacent defence lengths. The breaches did, however, cause significant disruption, particularly during the evacuation of people from nearby villages and to the farmland which was flooded.
A subsequent technical analysis of defence performance (Burdett, 2016 unpublished data) determined that many of the embankment failures could be attributed to local irregularities such as sudden changes in flood defence geometry, historical channel crossings, and local low spots. The report recommended that flood defence managers focus on identifying and resolving these local irregularities.
This paper presents findings from work undertaken by the Environment Agency to address this recommendation. The use of remotely sensed data and in particular Light Detection and Ranging (LIDAR) to help resolve and identify such local irregularities in flood defence embankments is explored. The paper provides relevant background on the existing visual flood defence condition assessment process and highlights the potential role of remotely sensed data. Indicators of flood defence performance in terms of weakness, deterioration, and damage are defined. Useful sources of data are introduced. Case study examples are also developed to explore the utility of remotely sensed data in identifying these indicators of defence performance.
The examples presented in the paper are the result of an investigatory workshop led by the Environment Agency that brought together flood risk managers and engineers This article is published with the permission of the Controller of HMSO and the Queen's Printer for Scotland. with geospatial analysts. The pairing of local and engineering knowledge of flood defences with the capability of the analysts to efficiently manage, visualise, and query geospatial data to generate quantitative information was extremely productive.
Background Flood defence condition assessment
Main-river and coastal flood defence assets are visually inspected by the Environment Agency in England at a frequency determined by their probability and consequences of failure. Flood defences are grouped into flood risk management systems and classed as low, medium, or high risk. Those systems evaluated as high risk are inspected to assess their condition every 6 months. The inspection process is based on expert judgement guided by the Condition Assessment Manual (CAM) (Environment Agency, 2012) . The condition of a flood defence asset is graded on a scale of 1-5, as detailed in Table 1 .
The inspection process is a significant undertaking that is delivered by operational teams, trained to an accredited level. Asset condition assessment is important as it is driver for, (1) the prioritisation and planning of maintenance and capital expenditure; (2) targeting resources to areas at highest risk; and, (3) providing the evidence behind funding bids for maintenance and improvements.
The visual condition of an asset is a good proxy of how that asset will perform during a flood. There are, however, some known weaknesses. For example, only the surface of the flood defence can be inspected and a single inspection is just one snapshot of how an asset might be deteriorating over a longer time period.
Remotely sensed data in condition assessment
Many embankment failures are initiated by subsurface conditions that are not easily assessed by visual inspection alone. Work on performance-based visual inspection of flood defence assets by Long et al. (2006) stated that most of the surface features that can be visually inspected are only indicators of subsurface processes and are not detectable until deterioration below the surface of the embankment has progressed to affect the surface. Early detection of these processes or indicators of these processes would be highly beneficial in enabling proactive intervention well in advance, before a failure occurs.
Using remotely sensed data to collect information about flood defences is not a new idea (e.g. Long et al., 2013; Royet et al., 2012) . More recently, the Environment Agency (2016) has undertaken a new project to explore emerging novel platforms for LIDAR such as Unmanned Automated Vehicles (UAVs) and backpacks. Both the past and new research has, however, been focussed at clarifying the use of new technology for the collection of the geometric parameters of defences such as crest heights and toe levels. This work differs as it looks at existing LIDAR and remotely sensed data for the identification of key features in, on, or around a flood defence that might affect the performance of that defence. This work explores those features that are not readily resolvable by eye from the ground, may only be visible in the wider context of the flood plain within which the flood defence sits, or, may only become apparent from analysis of a time series of surveys or historic mapping.
Data gathered by remote survey have a number of important attributes which could enhance the visual inspection process, as: (1) quantitative information can be derived rapidly; (2) large areas, that sometimes would be inaccessible to people on the ground, can be covered quickly; (3) repeat surveys can be used to provide information on rates of change; and, high-resolution data are now easy and cheap to store and process.
These attributes justify why it is timely (if not overdue) to use remotely sensed data to help quantify the likely performance of flood defence infrastructure.
Source and application of remotely sensed data
Remote sensing as defined by Schott (2007) generally refers to the use of satellite-or aircraft-based sensor technologies to detect and classify objects on Earth. It may be split into 'active' remote sensing (i.e. when a signal is emitted by a satellite or aircraft and its reflection by the object is detected by the sensor) and 'passive' remote sensing (i.e. when the reflection of sunlight is detected by the sensor).
LIDAR
LIDAR is a good example of an active remote sensing and mapping technique, which uses a laser to measure the distance between the aircraft and the ground. LIDAR instruments may be mounted on many different platforms from fixed wing aircraft to UAVs, road vehicles to a backpack. LIDAR sensors are most commonly deployed from fixed wing aircraft. The Environment Agency operates two LIDAR instruments on separate fixed wing aircraft. The aircraft position and attitude are calculated using differential global positioning system (GPS) and an inertial measurement unit (IMU). The position of reflected laser pulses can be calculated very accurately using the spatial information measured by the GPS and IMU at a rate of hundreds of thousands of measurements per second. This technique results in the production of a costeffective, highly accurate, and continuous terrain map. LIDAR scanning techniques are employed widely not only in academic research but also operationally in the commercial, government, and civic sectors; as such, there are many references to their use (e.g. Carter et al., 2007) .
The Environment Agency regularly produces a composite Digital Terrain Model that combines the 'best of breed' height data sets currently available. This is called the Environment Agency Integrated Height Model (EAIHM). The Digital Terrain Model is a resampled 2 m resolution height data set that includes EA LIDAR data, where available, followed by TELUS LIDAR (2016) data and finally filled in using the national coverage AirPhoto Great Britain (APGB) photogrammetry data set where the other data sets are not available. Currently Environment Agency LIDAR has been captured across approximately 75% of the land mass of England and Wales, including about 90% of the flood plains including assets (Figure 1 ).
Numerous products can be created with LIDAR data, but the main products referred to in this paper are the following:
• Digital Surface Model (DSM) -This is the height data of the landscape where the surface objects (trees, scrub, buildings, bridges, etc.) are included in the data. These data are being made available as open data.
• Digital Terrain Model (DTM) -This is the height data of the landscape where the surface objects (trees, scrub, buildings, bridges, etc.) have been removed through a variety of complex filtering algorithms. This has been included in the list of basic products here (even though it is much more than a basic manipulation) as it is a standard product that is delivered when LIDAR data capture is commissioned. Where available these data sets are being made available as open data.
• Shaded relief maps -These maps are produced by casting an artificial illumination across the digital terrain and surface models. The data then can be displayed in a way that the brain understands and more easily thanks to the texture and context from light and shadows the illumination produces. Without this illumination, it is very difficult to visually interpret the LIDAR data. By adjusting the illumination appropriately it is possible to see surface expressions of less than 5 cm in height.
• Detrended LIDAR -Detrended LIDAR data sets are modified height data where the macro-topography has been removed (or detrended), leaving the very fine scale features so that they can be viewed without confusion of the varying height of hills and valleys in the landscape. This technique is very powerful for viewing palaeochannels and other features that have a very fine surface expression. This technique might add to the work undertaken to determine extent and location of palaeochannels in the past (Jones et al., 2007 .
Aerial photography
Aerial photography can be used to extract both qualitative and quantitative information about flood defence condition. For this study, the ortho-corrected (map-ready) aerial photography supplied by APGB was used. These are, in theory, the most up to date national coverage data sets (at 25 cm resolution true colour and 50 cm Colour Infrared [CIR] ). These data are not, however, open for public access. Data that are in the public domain include the images captured under the Regional Coastal Monitoring Programmes, which are available to download on the Channel Coastal Observatory (CCO) website (www.channelcoast.org). These data are not national coverage, but do cover the majority of the coastline and coastal defences. They are updated approximately once every 5 years, and they also include near Infrared channel which is especially useful for vegetation mapping. In addition aerial photos that have been captured by the Environment Agency are available as open data (https://data.gov.uk). Another useful resource is the time series imagery available on Google Earth but these data cannot be used in a geographical information system (GIS). The data are still useful, however, as they allow for an almost instantaneous viewing of a time series of photos, although image quality can be inconsistent.
Mapped data
In understanding the wider context of a flood defence in a landscape, mapped data are extremely important. Historical Ordnance Survey digital maps are particularly useful in helping understand the anthropogenic evolution of the landscape surrounding or impinging on a flood defence. These maps (now digitised and georeferenced) are often at 1:2500 scale and available in a variety of epochs, ranging from the late 19th century to the middle of the 20th century.
The geological setting of a flood defence and particularly the soils the defence is founded on or constructed from is another essential piece of information. The mapped data on superficial deposits (formerly known as 'drift') are available from the British Geological Survey. Superficial deposits are the youngest geological deposits formed during the most recent period of geological time, the Quaternary, which extends back about 2.6 million years from the present. Typically laid down by various natural processes such as action by ice, water, and wind, they rest on older deposits or rocks referred to as bedrock. Most of these superficial deposits are unconsolidated sediments such as gravel, sand, silt, and clay, and onshore they form relatively thin, often discontinuous patches or larger spreads (BGS, 2016) .
Describing the process of flood defence failure
The language used to describe flood defence 'failures' and the processes leading to failure when an embankment is subjected to a hydraulic load can cause confusion. Oneview of a defence failure might be the loss of a single function of the flood defence, for example, whereas, another view might be predicated on full structural failure, then breach and subsequent flooding. Given this ambiguity it is useful to define the processes which can lead to failure.
The terms used to describe the general arrangement of a flood defence embankment in the UK context are introduced diagrammatically in Figure 2 . Defects or the presence of irregularities in the embankment can lead to weaknesses, or indicate the gradual process of wear and tear (deterioration) and/or fundamental damage such as that caused by a flood event. It is useful, therefore, to define make the following terms: 1. Weakness -a feature of an embankment that either performs a function, or is critical to the overall design so the embankment is likely to perform less well when compared to a more homogenous counterpart. 2. Deterioration -a time-based process initiated by a physical or chemical agent or process, such as waves, tides, temperature variation, animal and human activities, and/or loading and unloading (adapted from ILH, 2013). 3. Damage -A state of an embankment caused by an event or excess use (over and above 'gradual wear and tear' caused by normal rates of deterioration), for example the loss of toe protection due to a storm event.
Flood defence embankments rarely experience full structural failure or breach due to a weaknesses, deterioration, or damage to a single functional element alone. A chain of events usually is required to initiate the failure mechanisms at a point of weakness which then drive deterioration and damage. These mechanisms then can feedback positively, either reinforcing the mechanism(s) or initiating new ones. It is this feedback that eventually leads to failure and then possible breach. These event chains are well described in the International Levee Handbook (ILH) (2013) and consist of cycles of external conditions or actions such as extreme water levels, waves or flows, human or animal action, and so on, that initiate failure mechanisms. The timescales of this chain can occur during a single flood event or may happen slowly over the life of the asset. Figure 3 describes a high-level chain of events starting with external conditions leading to the initiation of mechanisms which drive deterioration of components and/or degradation of functions.
Identifying and classifying performance features Indicators of weakness
Weaknesses tend to make an embankment more heterogeneous in its construction. They can occur due to lack of formal design or due to the fact that they simply are a necessary part of the structure or surrounding infrastructure. A weakness can be a physical object in, through, or under the embankment or simply a lack of knowledge about the embankment. Such weaknesses can include: • a narrowing of embankment footprint • steep face (front and/or rear)
• uncertainty around suitability of fills • heterogeneous foundations • transition from one surface protection system to another • embedded features such as buried objects such as old buildings • crossing works (operational, such as flap valves or historic, such as in-filled drainage channels) • old failures • Palaeo-features (e.g. oxbow lakes, channels)
These weaknesses make the flood defence embankments more vulnerable to geotechnical processes that can lead to structural failure. For example, an embankment which narrows in footprint for a short section would inherently be more prone to failure via internal erosion due to the shorter seepage length. Another example would be the crossing of essential services through the embankment, which could promote internal contact erosion and lead to piping, seepage, and eventually structural failure and breach.
Infrastructure buried within or crossing flood defences is common in the United Kingdom. The irregularities caused by such infrastructure can cause significant weaknesses in earth embankments. Differential settlement of the embankment can also be linked to crossing works. Figure 4 below shows a flood embankment failure at Blacktoft on the Humber Estuary following the December 2013 storm surge. Failure occurred at the point of intersection between an old (now in-filled) drainage channel that ran perpendicular to the flood embankment. Figure 4(b) shows detrended LIDAR data. In this figure, there is a strong impression of where the drain used to lie. The detrended data are exceptionally good for viewing very fine-scale anomalies in the landscape. The drainage ditch can be seen as a crop mark in the aerial photography (Figure 4(c) ). (d) highlights the power of historical mapping as a source of information to help with the identification of suspected historical features that are not readily visible on the ground. Neither drainage channel nor pond was identified by the routine visual inspections. This mosaic of LIDAR, aerial photography and mapped data illustrate the power of bringing together multiple source of remotely sensed with other mapped products to build up a more comprehensive assessment.
Localised changes in the geometry of linear flood defences are also points of weakness. Figure 5 shows a photos and LIDAR data that illustrate how a localised low spot of the embankment and steep rear face were likely contributing factors in a failure which led to a breach on the River Douglas at Croston (Lancashire) 25th December 2015.
Indicators of deterioration
Exposure of embankments to environmental processes and human and animal activities can cause a gradual loss of resilience. Differentiating deterioration from damage is subjective. Generally, deterioration can be thought of as a slower more continuous process governed by changes in mean values of the processes rather than sudden and extremes changes in these processes. For example, a gradual change in regional mean sea level can cause increasing in erosion of salt marsh in front of an embankment. Examples of indicators of deterioration are:
• poor grass cover or damaged surface protection
As an embankment deteriorates it becomes more vulnerable to the initiation of geotechnical processes that can lead to failure and breach. For example, differential settlement can cause a local low spot that then results in overtopping and external erosion of the rear face. Figure 6 illustrates how LIDAR data can provide an excellent way of identifying differential settlement along long sections of embankment. Figure 6 shows a mosaic of LIDAR data and photographs of a section of flood defence embankment known as the Washbank located just north of the village of Crowlands (Lincolnshire) along the River Welland. Figure 6 shows a present-day picture of a sheet pile section which has punctured through the crest of the embankment at a number of locations. The sheet pile was installed as a cut-off to prevent seepage through the Washbank defence. Since installation, however, the earth embankment has settled relative to the sheet piling. It can be seen from Figure 6 (b) that the flood defence embankment is founded on a complex Palaeo-landscape. There is clear evidence of an extensive braided channel network under the present-day surface. These palaeochannels, known locally as a roddons, are a characteristic feature of the Fenland landscape. These roddons were ancient tidal creeks which were rapidly in-filled with marine derived sediments during a period of higher sea level than presentday (Smith et al., 2010) . The roddons stand in relief from the surround landscape of peats and clays, which has consolidated in response to draining. present-day low spot in the embankment between roddons. It seems likely therefore that this breach was caused by overflow at the low spot and subsequent rear face erosion associated with the extreme flooding of 1947.
Indicators of damage
Aggressive stresses on embankments that occur during extreme flood events can cause partial or full failure of one or more embankment functions. Examples of such stresses include those experienced when water-levels are above or close to design conditions, during marine storms or when the embankment is being excessively misused for a purpose it was not designed for. Such damage might not directly result in a structural failure or breach but is likely to lead to failure of one or more important functions of the embankment. Examples might include degradation to the waterside revetment during a storm, or damage to the crest due to excess tyre tracking. Left unchecked, this damage will accelerate processes governing deterioration but also under conditions close to the ultimate limit state can lead to sudden failure. Examples of such damage include:
• Scalloping of water side berm or toe of embankment • Crest and revetment damage due to excessive tyre tracking • Slumping due to rapid draw-down • Slipping
One of the most powerful aspects of using remotely sensed data is the ability to conduct repeat surveys to monitor change. Quantitative data can be generated on rates of deterioration or the evolution of damaged elements of flood defences. Figure 7 provides an example of a slip which had occurred on a flood defence alongside Hadleigh Marshes in the Thames Estuary. The slip is first evident in a LIDAR survey of the area flown in 1999. The evolution of the slip can then be reviewed in subsequent surveys 2006 and 2014 (Figure 7) . A profile across the embankment at the point of the centre of the slip can be extracted and plotted. It can be seen from this profile that the slip is still active, with material moving down toward the toe of the defence where it is being eroded away by the estuary. Table 2 provides a high level framework linking of the indicators of potential weaknesses, processes of deterioration and the effects of damage, their expression in topography with possible mechanisms. Table 2 also serves as a high level framework to help with the selection of the most appropriate remote sensed data help with the identification of these indicators.
Comparison of remote sensing analysis with visual condition assessment
Both quantitative and qualitative information on flood defence asset condition can be gathered from remotely sensed data. The availability of GIS software and the relatively low cost of data storage imply that such analysis could be carried out routinely. This currently is not the case, however. To understand why current practice is so reliant on visual condition inspection, it is useful to consider some of the strengths of the visual condition assessment process that is employed operationally by the Environment Agency and many other risk management authorities.
The Environment Agency's visual condition assessment process is easy and practical to carry out regularly for all types of flood risk and water level management assets. Training and supporting materials (such as the CAM) are well developed, tested, and delivered to an accredited level. It is possible to train many people quickly to achieve this accreditation. For example, following the storm events of the winter 2015/2016, 206 military personnel were trained within a week and deployed to carry out a snap shot 'state of the nation' assessment of the condition of the flood defences across England and Wales.
It is also important to recognise that the identification of a flood defence asset that is below a target/desired condition is just the first trigger for further action, such as monitoring, geophysical survey or detailed intrusive engineering investigation. This sort of additional investigation is often required to develop suitable options for repair or replacement.
Given the points introduced in the three paragraphs above, visual assessment remains a pragmatic approach to establish flood defence's condition. There is room, however, for remotely sensed data to be used to enhance the condition assessment process. The introduction of more quantitative information would help with the early identification of issues perhaps before failure process was more fully developed.
The CAM provides a clear method for the formalisation and calibration of expert judgement yet allows room for the incorporation of specific local knowledge within the assessment process. This formalisation enables some inter-comparability between assets and repeat inspections, so rates of change/deterioration can be semi-quantitatively estimated. Remotely sensed data certainty offer an opportunity to help better understand rates of deterioration and the processes that govern them. However, care needs to be taken when reviewing past survey data as differences in resolution, filtering algorithms, and differences in survey equipment need to be understood and accounted for.
Investment of public money in flood defence refurbishment and replacement requires justification and supporting evidence. More information on asset performance would help decision-makers either justify pro-actively bringing forward work in their programmes or conversely provide Figure 7 Timeseries of LIDAR data of section of embankment in front of Hadleigh Marshes (Thames Estuary) of LIDAR in shaded relief data at 2 m resolution over a cross section of embankment where it is suspected that some slippage has occurred (1999, 2006, and 2014) . Image centred on OSGB Easting 580300, Northing 185255. • rutting in crest visible;
• patches of bare earth;
• evidence of animal damage;
• lengths of north facing slope; and,
• Leafy vegetation potentially shading
• Aerial imagery, especially the in the infrared • Rear face external erosion assurance about the residual performance of the asset so that investment can be deferred with confidence.
Conclusions
This paper demonstrates the potential to supplement a flood defence asset visual inspection process with quantitative and semi-quantitative information offered by existing nationally available remotely sensed data sets. The examples provided highlight the utility of such data in identifying the weakness, processes of deterioration, and damage and hence performance of flood defences. Information on all of these defence performance indicators could be generated for flood defences across England and Wales given both coverage and availability of these data. Such work would supplement and refine condition assessment from visual inspection and could help target subsequent monitoring, geophysical survey, and engineering investigation.
The Environment Agency's existing archive of LIDAR data extends back to 1999. This makes it possible, at some locations, to explore over a decade's worth of change along some flood defence lengths. Developing the capability to extract quantitative information about rates of deterioration of flood defences is desirable to help robustly programme the maintenance and replacement of flood defences.
There are many sources of data and mapped information that can be used to help the flood defence manager answer the question: 'is the visual assessment a true reflection of performance?' Rarely will one source of data provide a complete picture. Looking at a variety of information sources such as LIDAR and historical mapping and synthesising this information with expert and local knowledge will lead to a more complete interpretation. This conclusion was strongly reinforced by the effective partnership between engineers and geospatial analysts which formed during the workshop exercise. 
